ABSTRACT Feeding experiments with Asian longhorned beetles (Anoplophora glabripennis (Motschulsky)) in a quarantine laboratory were used to assess the effectiveness of imidacloprid in reducing adult fecundity and survival. The beetles were fed twigs and leaves cut between JuneÐ September 2010 from Norway maples (Acer platanoides L.) in the beetle-infested area of Worcester, MA. Treated trees had been trunk-injected once with imidacloprid in spring 2010 under the U.S. Department of AgricultureÐAnimal and Plant Health Inspection Service operational eradication program. The 21 d LC 50 value for adult beetles feeding on twig bark from imidacloprid-injected trees was 1.3 ppm. Adult reproductive output and survival were signiÞcantly reduced when beetles fed on twig bark or leaves from treated trees. However, results varied widely, with many twig samples having no detectable imidacloprid and little effect on the beetles. When twigs with Ͼ1 ppm imidacloprid in the bark were fed to mated beetles, the number of larvae produced was reduced by 94% and median adult survival was reduced to 14 d. For twigs with Ͻ1 ppm imidacloprid, 68% of reproductively mature mated beetles survived 21 d and 56% of unmated recently eclosed beetles survived 42 d. For twigs with Ͻ1 ppm, beetles ingested an average of 30 nanograms of imidacloprid per day. Bark consumption was reduced at higher imidacloprid levels (Ͼ1 ppm). When given a choice of control twigs and twigs from injected trees, beetles did not show a strong preference.
KEY WORDS Anoplophora glabripennis, Acer platanoides, neonicotinoid, fecundity, longevity
The Asian longhorned beetle, Anoplophora glabripennis (Motschulsky), is an invasive species that was Þrst detected in the United States in 1996 and which has since then been found in multiple North American cities (Haack et al. 2010 ). The species is polyphagous, and the adults feed on the twigs and leaves of at least 10 genera of trees including Acer, Aesculus, Salix, Populus, Ulmus, Betula, and Platanus (Hu et al. 2009 ). Female beetles chew oviposition pits and lay their eggs under the tree bark. When the eggs hatch the larvae Þrst burrow through the phloem and then move into the xylem throughout the trunk and branches, which can lead to tree death given time and high populations (Cavey et al. 1998) .
To eradicate Asian longhorned beetles in the United States, the U.S. Department of AgricultureÐAnimal and Plant Health Inspection Service (USDAÐAPHIS) uses a multi-pronged approach that includes: 1) the establishment of quarantine zones around each newly identiÞed infestation; 2) extensive scouting for signs of beetles on preferred host tree species; 3) destruction of any infested host tree material; 4) prophylactic treatment for three consecutive years with the systemic neonicotinoid insecticide, imidacloprid, for putatively noninfested at-risk trees (host species growing in close proximity to infested trees); 5) restricted movement of all live and dead host material (lumber, nursery stock, Þrewood, etc.) Ͼ1.3 cm diameter out of the quarantined area; 6) an extensive public education campaign; and 7) tree replacement and restoration. In addition to APHIS eradication efforts, there are several laboratories developing detection and natural control tools that may be used to help with the eradication campaign in the future (Zhang et al. 2002 , Nehme et al. 2009 , Wickham and Teale 2009 , Russell et al. 2010 .
Research on control of Asian longhorned beetles in North America is difÞcult because Þeld populations are not available for testing and large-scale experimentation in laboratories is not always feasible. Therefore, much of the Þeld-based insecticide efÞcacy research investigating various insecticidal compounds, formulations, and application techniques has taken place in China where Þeld-collected adult beetles could be used in experiments, and where experiments could be conducted by injecting beetle-infested trees in situ. Two U.S. research groups published results from studies conducted in China. Wang et al. (2005) conducted a multi-doseÐresponse study in 2001, in-vestigating the efÞcacy of imidacloprid injected into the trunks of Populus nigra L. (20 Ϯ 1 cm diameter at breast height [DBH] ) using the Mauget system (J. J. Mauget Co., Arcadia, CA). In 2000 Ð2002, Poland et al. (2006b) used the Mauget system to inject three tree species: Siberian elm (Ulmus pumila L.), black poplar (P. nigra), and Chinese willow (Salix matsudana Koidzumi). Imidacloprid was found to be toxic to adult beetles feeding freely on trees or on twigs collected from imidacloprid-injected trees in both studies; however, the level of control appeared to depend on tree species (Poland et al. 2006b ) and application rate.
A population of Asian longhorned beetles was found in Worcester, MA in August 2008, where maples (Acer spp.) comprised 80% of planted street trees (Freilicher et al. 2008) . Norway maple (Acer platanoides L.), sugar maple (A. saccharum Marshall), and red maple (A. rubrum L.) accounted for 60.8, 9.6, and 6.4% of planted street trees, respectively (Freilicher et al. 2008 ). In addition, Norway maples comprise large percentages of street trees in cities that currently have or have had Asian longhorned beetle infestations (McPherson et al. 1994 , Nowak et al. 2007 ). To our knowledge, the effect of trunk-injected imidacloprid on adult Asian longhorned beetles has not been investigated for Norway maples or any other maple species. Imidacloprid would affect not only adult beetle longevity but also fecundity. Therefore, studies were undertaken to determine the effect on reproduction and survival of laboratory-reared adult Asian longhorned beetles exposed to treated Norway maple trees from Worcester, MA.
Adults feeding on imidacloprid-treated trees should ideally die before being able to lay large numbers of eggs. Using a quarantine colony, we were interested in determining the impact of imidacloprid concentrations in twigs on adults, throughout the time they would be active, early July to the Þrst hard frosts of autumn. In addition, we compared beetle reproduction when provided leaves as well as twigs for food, measured bark areas consumed to estimate the quantity of imidacloprid ingested by beetles, and conducted a choice test between twigs from control and injected trees, as imidacloprid has been reported to act as an antifeedant (Poland et al. 2006b ). Our studies focused on the direct effects on the adults and on reproduction in untreated oviposition wood; because of the restrictions of the Worcester quarantine area we could not take wood to our New York quarantine laboratory from the injected trees to directly assess imidacloprid effects on larval development.
Materials and Methods
Insects. Asian longhorned beetles were reared under quarantine and under APHIS permit at Cornell UniversityÕs Sarkaria Arthropod Research Facility in Ithaca, NY, using protocols described in detail in the Appendix of Ugine et al. (2011) . Two sets of beetles were used in Norway maple feeding trials: mated pairs for testing effects of imidacloprid-injected trees on reproduction and survival, and unmated recently eclosed beetles (still reproductively immature) for testing survival. Survival of the latter was used to assess whether younger beetles might die from imidacloprid intoxication before having a chance to reproduce.
Insecticide Injection and Branch Collection. Norway maple trees in Worcester, MA, were injected with imidacloprid by arborists under contract with the USDA, using the following protocols (USDAÐAPHIS 2008) . Injections are made in the spring to allow imidacloprid to be sufÞciently translocated throughout the tree before adult beetle emergence from within trees beginning in early July. Tree DBH (1.4 m) is measured to the nearest inch (2.54 cm) to determine the dose of insecticide. Injection holes are drilled Ϸ1.9 cm deep into actively growing xylem at the root ßares and a maximum height of 30.5 cm. The imidacloprid application is made at a minimum rate of 2 ml formulated product (220 mg active ingredient [AI]) per 2.54 cm DBH at a pressure of no Ͼ1,379 kPa; trees measuring 61 cm and greater receive 4 ml of product per 2.54 cm DBH.
The treated Norway maple trees we selected in June 2010 for our feeding experiments had been injected with imidacloprid between late April and mid-June, from just before to after the trees leafed out. Drill holes were present around the root ßares where imidacloprid would have been injected by the treatment contractor, but speciÞc treatment details for each of the study trees was not known. The trees ranged in size from 21.3 to 65 cm DBH (mean Ϯ SE: 37.1 Ϯ 2.3 cm), with 4 Ð13 injection sites per tree; only one tree included in this study was Ͼ61 cm DBH. The trees were located in West Boylston and Boylston, adjacent to Worcester. In addition, we fed beetles using twigs from uninjected (control) Norway maples (44.9 Ϯ 4.6 cm DBH), from a part of the City of Worcester where imidacloprid was not injected into trees or applied to the soil at bases of trees as part of the Asian longhorned beetle eradication program. Both injected trees and controls included a 50:50 mixture of mature planted street trees and trees within naturalized stands.
To determine the concentration and effects of imidacloprid throughout the time adult beetles would be active, and allow multiple replications of the bioassays, branches for feeding trials were collected six times in 2010: 18 and 29 June, 12 and 27 July, 23 August, and 20 September. Arbitrarily selected branches were cut from 3 to 6 m off the ground using an extendable branch trimmer. For any given tree within a sample date, branches from the same area of the tree were cut, and we tried to sample multiple locations from within the tree across sample dates, as tree structure allowed. One injected tree had no additional branches that were reachable after the Þrst collection, so it was replaced with a nearby injected tree for a total of 19 trees for all dates. The 10 control trees were sampled on the same six dates, but only Þve were included in the September bioassays.
To feed the beetles and follow APHIS restrictions for host tree material leaving Worcester (Ͼ1.3 cm diameter prohibited), twigs Ͻ1 cm diameter were removed from the branches in situ and placed into plastic bags for transport to the quarantine facility. In August an unrelated study at the facility showed that adults readily ate leaves in addition to the bark of twigs, so in September leaves as well as twigs were collected for an additional set of feeding trials. The leaves were still green as Norway maple leaf senescence is later, in October in that region. Leaves and leaf clusters attached to twigs were kept fresh at 4ЊC for up to several weeks before use in the feeding trials.
Effect of Imidacloprid on Reproduction. Biological assessments of twigs collected from injected and control trees were conducted to determine the effect of imidacloprid concentration in the beetleÕs food (twig bark) on beetle reproduction and survival. Each female beetle was placed with a male into a 3.8 liters glass jar and provided with 4 Ð 6 Norway maple twigs (20 Ð23 cm length, 2Ð 8 mm diameter), and a bolt of untreated striped maple (Acer pensylvanicum L.) for oviposition. Bolts of wood, cut from striped maple sapling trunks (4 Ð7 cm diameter, 15Ð20 cm length) in Tully, NY, were used for oviposition because of the Worcester quarantine on removing host tree wood from the regulated area, and because striped maple bark is easy to peel for counting eggs and larvae (Hajek and Kalb 2007) . Beetle pairs were maintained at constant 25ЊC and a photoperiod of 16:8 (L:D) h and held for 21 d.
At the start of the experiment, males and females were reproductively mature, being 14 Ð 45 d (25.1 Ϯ 0.3 d) posteclosion; we have observed that younger beetles (e.g., Ͻ7 d) often Þght rather than mate. The oldest beetles would only have been 66 d old at the end of the 3 wk experiment, that is, a month younger than the mean number of days survived by nonexperimental mated beetles at the quarantine lab (93 Ϯ 3 d; maximum Ͼ200 d) (S.G., unpublished data). Female beetles were slightly larger on average than male beetles (1.2 Ϯ 0.2 g vs. 0.8 Ϯ 0.1 g), but with some overlap (females ranged from 0.5 to 1.7 g; males, 0.5Ð1.2 g), as previously reported (Hajek et al. 2004) . Before the bioassay, beetles had been held in individual clear, lidded 473 ml plastic containers in a photoperiod of 16:8 (L:D) h with 20ЊC days and 18ЊC nights, and fed striped maple twigs.
One pair of beetles was tested per tree for each of Þve sample dates, using twigs collected from trees two times in June and monthly in JulyÐSeptember. An additional set of beetles, one reproductive pair per sampled tree, was provided a combination of twigs and leaf clusters from the September sample, for comparison with beetles fed only twigs. At 7 and 14 d during the 21 d bioassay, all twigs in the jars (or twigs and leaves) were replaced with fresh ones from the same tree and collection date.
Every day for 3 wk, the condition of each female and male beetle was recorded: live versus dead, and active, sick, or moribund. Sick beetles exhibited characteristic tremors in response to imidacloprid and/or held their antennae together and straight back over their elytra, but were able to remain standing. Moribund insects were on their back, unable to right themselves, and moved very little in response to probing but were still alive. For results presented here, ÔmoribundÕ was included with ÔsickÕ in calculating the percentage of daily observations when a beetle appeared sick, relative to the days it lived.
Oviposition bolts in the jars were replaced every 7Ð12 d and held for 2Ð5 wk at 23ЊC (24 h dark) for egg hatch. To determine the number of viable eggs, the bark was carefully peeled off with a chisel, and larvae and eggs were counted. Any unhatched eggs from the bolt were placed with a piece of damp paper towel into a 30 ml plastic cup, which was capped and held at 23ЊC in the dark. Eggs were checked every 2Ð5 d for several weeks, until all the eggs had either hatched or appeared shriveled or moldy. Any additional eggs that hatched after the bolts were peeled are included in the values reported here for total numbers of larvae produced by each mated female.
In total, 95 mated pairs of beetles were given twigs from injected trees, along with 42 pairs fed twigs from control trees. In addition, 19 pairs were fed with both leaves and twigs from injected trees, and Þve pairs were fed with both leaves and twigs from control trees.
Effect of Imidacloprid on Young, Nonmated Adult Beetles. A second set of biological assessments on adult beetle longevity was conducted concurrently, using the same trees, to determine whether recently eclosed beetles that were fed only experimental twigs were more susceptible to imidacloprid, in contrast to beetles in the reproduction study, which had been fed untreated striped maple twigs during their Þrst weeks after eclosion. As with the mated pairs, we tested Þve replicates of young unmated beetles, but in this case using twigs from the second collection date in June and an additional date in July (12th), and from the three monthly collection dates from JulyÐSeptember used in the reproduction study. The unmated female and male beetles were kept in individual 473 ml containers with Norway maple twigs for food, and survival was monitored daily. At the start of the feeding trials adult beetles were 2Ð9 d (6.1 Ϯ 0.1 d) posteclosion. They ranged in size from 0.4 to 1.8 g (1.07 Ϯ 0.01 g). They had been left unfed in their 59 ml pupation containers, so they received only twigs from treated Norway maples throughout their lifetime. Under laboratory conditions, we have observed that newly eclosed adults generally begin to chew on twigs after 4 Ð 6 d. For the small number of beetles (20 of 276) that did not feed during the Þrst 1Ð3 d of the experiment, the start date for analysis was adjusted to reßect the Þrst day they began feeding on twigs, and the end date of their feeding trial was increased by a corresponding number of days.
Each unmated beetle in its individual container was given 4 Ð 6 twigs (10 Ð11 cm long, 2Ð 8 mm diameter), which were replaced weekly with twigs from the same tree and collection date. For each tree and date, one male and one female were tested (with a few unplanned exceptions), for a total of 93 females and 95 males fed twigs from injected trees, and 44 each for controls. Beetle state (sick, moribund, live/dead) was recorded daily for 3 wk (replicates fed twigs collected June or September) or for 6 wk (the three replicates from July and August).
As in the reproduction study, leaves collected from the same trees (19 injected and 5 controls, 20 September) were used for additional bioassays. For each tree, one male and one female, in individual containers, were given 2Ð 4 twigs and several leaves. In addition, one set of unmated males and females was fed only leaves (including the petiole), to assess whether leaf feeding alters time to mortality. Leaves or leaves and twigs in the containers were replaced weekly, as above.
Imidacloprid Determination. For beetles fed twigs, we quantiÞed the concentration of imidacloprid in the twig bark (including phloem and cambium), as we observed that beetles ate primarily the outer layers of twig and very little woody xylem. For each tree, the concentration of imidacloprid in the bark/phloem/ cambium was determined from a pooled sample of 5Ð7 arbitrarily selected twigs of the diameter fed to beetles from that collection date. The outer layer was removed with a utility knife and placed in a 30 ml cup for drying. A fresh blade, a new pair of disposable gloves and cutting surface were used for each sample. Bark samples were taken from every imidaclopridinjected tree and up to four control trees for each collection date, with all control trees sampled at least once.
For leaves collected in September, the concentration of imidacloprid was determined from pooled samples of 20 leaves (including petioles, which we observed that the beetles ate, as well as the leaf blades) removed from multiple twigs. All bark and leaf samples were dried in an oven at 60ЊC for at least 24 h. Dried samples were pulverized in Waring blenders (cleaned thoroughly with hot soapy water, triple rinsed with clean tap water, and rinsed twice with methanol between uses) for 2 min, and 0.5 g sub-samples of the powders were placed in 50 ml conical tubes (one tube per sample) and kept frozen at Ϫ20ЊC until analysis. Sample extractions and imidacloprid determinations were carried out at the Otis Plant Protection Laboratory. Ten milliliters of 99.9% methanol (Optima Grade, Fisher, Waltham, MA) was added to the tubes, which were then placed onto an Eberbach tabletop shaker (model 6000, Ann Arbor, MI) for 3 h. Imidacloprid concentrations were determined using an enzymelinked immunosorbent assay (ELISA) kit (EnviroLogix, Portland, ME) and an Emax plate reader (Sunnyvale, CA) set at 450 and 650 nm. The manufacturerÕs instructions were followed for each, except we used methanol as a solvent to extract imidacloprid residues from the ground tissue; the ELISA kit is marketed for aqueous samples. A 40ϫ dilution was generally used, but samples with high parts per million were reanalyzed at 100 Ð1,000ϫ dilution to obtain a valid reading, and a few were run at 20ϫ to verify low values.
Because of the characteristics of the ELISA colorimetric method, all samples generate a positive value and are then assigned pesticide residue values based on internal standards. Matrix effects are not uncommon with immunoassay systems as certain cell components, secondary metabolite compounds, and so forth, are known to interact with the antibody-binding site (Skerritt and Rani 1996) . Instrument readings too low to be quantiÞable (Ͻ0.3) were treated as 0 ppm. This included all control bark samples as well as some from injected trees. The minimum quantiÞable level within our twig bark samples was 0.26 ppm imidacloprid. For a few leaf samples (two control trees and one injected), values that were quantiÞable but Ͻ0.34 ppm, the maximum level we found in leaf samples from the uninjected control trees, were treated as 0 ppm for analyses.
Bark Area Consumed. To determine the effect of imidacloprid concentration on how much bark was consumed, and to estimate the quantity of imidacloprid ingested, we measured bark areas on the twigs used for feeding individual young unmated beetles in the August replicate (described previously). In this portion of the study, 36 beetles were fed twigs from injected trees and 19 were fed control twigs; the beetles were monitored for 6 wk. The total area of bark eaten on each weekÕs twigs was calculated from the length of bark eaten along each twig, and twig diameter, using the formula for the surface area of a cylinder, adjusted when bark was only eaten along one side. A daily consumption rate was estimated by dividing the area eaten by the number of days the beetle was alive during that week. Bark areas were converted to dry mg using the ratio of bark milligrams to square centimeters for each of the dried bark samples that had been used to determine imidacloprid concentrations of the August twig collection. The amount of imidacloprid ingested by each beetle was estimated using the ratio of bark square centimeters to dry milligrams to convert bark parts per million (ng/mg) to nanograms per bark area.
Adult Beetle Choice Test. Detection and avoidance of imidacloprid contained in plant material could potentially reduce the impact of treatment on the population if beetles move to uninjected trees. All of the above-described tests were no-choice: each beetle was fed material from a single tree sample. Therefore, we conducted a test to determine whether adult beetles choose to climb on and eat control twigs in preference to twigs from injected trees. Each beetle was placed onto the bottom of a 3.8 liter glass jar that had a twig from an injected tree and a control twig, set vertically from the bottom to the top of the jar. The twigs were of similar size, situated opposite each other in the jar and taped to the jar neck to keep them in place. Beetles were observed as to which twig they walked onto Þrst, and the beetleÕs location after 24, 48, 72, and 96 h. In addition, the area of bark eaten by beetles over the period was estimated for each twig following the methods described above. Jars with beetles were set up for each tree sampled and were replicated three times, using twigs collected on 12 July, for a total of 57 beetles tested. Both recently eclosed (4 Ð 8 d old) and unmated older beetles (22Ð31 d) were included.
Data Analysis. For testing reproductive output, analyses of variance (ANOVA) or mixed model tests (SAS Institute 1989 Ð2009) were conducted on total numbers of larvae per female and daily larval production using square-root transformed counts to reduce variance heterogeneity. Tree (19 injected and 10 control) was coded as a random variable. For beetles fed twigs collected JuneÐSeptember, date was tested both as a linear Þxed effect and as a random categorical blocking variable. ANOVA was also used for the arcsine square root-transformed percentage of eggs that hatched. Overall comparisons of beetles fed from control versus injected trees were conducted Þrst, followed by analyses based on imidacloprid concentration (ppm) treated as a linear variable. Although imidacloprid concentration and beetle data both varied continuously, for ease of interpretation we also present results for three imidacloprid levels. There was a range of concentrations among the injected trees on the various twig collection dates, from bark samples with no measurable level of imidacloprid (0 ppm), Ͻ1 ppm but measurable "Ͼ0/Ͻ1," and Ͼ1 ppm. There were too few samples at higher doses to warrant an additional group.
The 21 d median lethal concentration of imidacloprid in twig bark to adult beetles was estimated with logistic regression (PROC GENMOD SAS v. 9.2, SAS Institute 2008). Beetle mortality was modeled binomially and tree was treated as a repeated subject.
For beetles fed both leaves and twigs in September, regression was used to test the linear effect of imidacloprid on reproductive output, using the mean of leaf and bark parts per million. To investigate the effect of food type, we used a paired analysis of the difference in larval production between females fed twigs, or both leaves and twigs, from the same tree. Within the injected tree group, correlation analysis was conducted to show whether the relative reproductive output from beetles eating both leaves and twigs (as could occur outdoors) corresponded to results from the same trees, based on twig-fed beetles. The significance of the test was evaluated using PearsonÕs critical value table (Zar 1999) .
Survival analyses were performed separately for the mated beetles used in the tests of reproductive output, and for the younger unmated beetles, using proportional hazards models (PROC PHREG, SAS v. 9.2, SAS Institute 2008). The covs (aggregate) statement was used with tree as ID for the construction of a robust SE for estimation of parameters. Overall comparisons were made between controls and beetles fed from injected trees for males versus females, and mated versus young. When interactions were signiÞcant, within-category tests were run; if nonsigniÞcant, the interaction was dropped from the model. The survival of beetles fed twigs from injected trees was also compared for the three categories of bark concentration (0 ppm, Ͼ0/Ͻ1 ppm, and Ͼ1 ppm). Tree (as ID), date (as a Þxed categorical effect), and a factor for mated versus young beetles were included in the models. The possibility of a trend in survival across the dates (JuneÐ September) was tested using date as a linear variable. For beetles fed leaves or leaves and twigs from the same injected trees in September, a proportional hazards model was used to compare the two groups, with tree as a pairing factor.
Bark consumption was analyzed using imidacloprid concentration as a linear factor, and summarized for the three imidacloprid levels of injected trees (0 ppm, Ͼ0/Ͻ1 ppm, and Ͼ1 ppm). Because of skewed data, log transformation was used for total bark areas eaten, milligrams eaten per day, and estimated nanograms of imidacloprid ingested.
In the twig choice experiment, a repeated measures analysis (PROC GLIMMIX, SAS v. 9.2, SAS Institute 2008) was used to test whether beetles showed any preference as to location when provided with a control twig and one from an injected tree, from Þve observations over a 4 d period. The results for the three categories for injected trees (0, Ͼ0/Ͻ1, and Ͼ1 ppm) were compared.
Results
Reproduction. When mated pairs of beetles were fed twigs from Norway maples injected with imidacloprid, and provided with untreated striped maple bolts for oviposition, overall the numbers of larvae produced over a 3-wk period were reduced by 67% compared with beetles fed twigs from uninjected control trees. Within the group of injected trees, however, there was a wide range of imidacloprid concentrations (0 Ð12 ppm; Fig. 1 ) in the twig bark on which the beetles fed. There was a signiÞcant negative effect of imidacloprid concentration on total larval production per female ( Fig. 1; F 1 ,27.8 ϭ 19.6, P Ͻ 0.0001).
With imidacloprid residues of injected trees subdivided into three categories: 0 ppm in the twig bark, Ͼ0/Ͻ1 ppm, or Ͼ1 ppm (Table 1) , larval production differed signiÞcantly among the groups (F 2, 26.9 ϭ 23.7; P Ͻ 0.0001). Mated pairs fed twigs with Ͼ1 ppm imidacloprid had the greatest reduction in reproduc- tive output, with a mean total of only 1.8 larvae produced during the 21 d oviposition period (Table 1) . This was a reduction of 94% compared with control beetles. Larval production by beetles fed twigs from injected trees with nonmeasurable (0 ppm) imidacloprid was slightly less and not signiÞcantly different from control beetles fed from uninjected trees when all categories were analyzed together (Table 1) , but a pair-wise comparison between the 0 ppm and the Ͼ0/Ͻ1 ppm group revealed a signiÞcant difference (F 1,77 ϭ 5.8; P ϭ 0.02).
Results for the average number of larvae produced per day during the time each female was alive, rather than over 21 d, paralleled the results for total larvae (Table 1) . It should be noted that all but one of the females that died laid 0 eggs in their Þnal oviposition log, indicating that oviposition had already ended for the majority of females fed from injected trees. If adjusted for this, the initial per-day larval production values of beetles fed Ͼ1 ppm would be slightly higher, and closer to the Ͼ0/Ͻ1 ppm group. In addition, some of the beetles fed twigs from injected trees that survived the full 21 d had stopped ovipositing before day 21.
The proportion of beetles that laid 0 eggs during the 21 d or until the female died, increased from 0% for controls to 43% at Ͼ1 ppm (Table 1) . However, for females that did lay eggs, the percentage of eggs that hatched did not vary signiÞcantly among the imidacloprid categories (F 3,25.8 ϭ 1.64; P ϭ 0.20), with means of Ͼ95% hatch both for beetles fed twigs from control trees or from injected trees (Table 1) .
For beetles provided leaves and twigs, there was a similar decrease in reproductive output with increasing imidacloprid concentration in the leaf and bark (Fig. 2) . This was true both for total larvae produced in up to 21 d (F 1,17 ϭ 18.7; P ϭ 0.0005) and for larvae produced per day (F 1,17 ϭ 18.7; P ϭ 0.0005). Reproduction at Ͼ1 ppm (mean of leaf and bark) was 3.9 larvae per female up to 21 d (95% CI: 1.5Ð7.4) for September, not signiÞcantly different (F 1, 6.7 ϭ 0.26; P ϭ 0.63) from the 1.8 (CI: 0.8 Ð3.1) larvae seen at Ͼ1 ppm for beetles fed only twigs from JuneÐSeptember (Table 1) . Larval production by beetles fed leaves and twigs was reduced to fewer than 10 larvae over 21 d at Ͼ8 ppm (Fig. 2) , while beetles fed only twigs, that had Ͼ5 ppm in the bark, each produced fewer than Þve larvae (Figs. 1 and 2) .
However, when beetles fed leaves and twigs were compared directly to beetles fed only twigs collected from the same branches in September, the twig-fed beetles produced an average of 4.2 Ϯ 2.4 more larvae than those fed leaves and twigs, a difference of 24%, whereas no effect of food source was seen for control beetles (F 1,4 ϭ 0.75; P ϭ 0.43). The pair-wise difference for injected trees appeared to be associated primarily with the distribution of imidacloprid levels in the September samples: leaf residue values were higher than bark, with a maximum of 25 ppm (mean of leaf and bark), in contrast to the twigs from that date, which had 42% of twig samples with 0 ppm in the bark and no samples with Ͼ3.8 ppm. In any case, there was a signiÞcant positive correlation in larval production by females fed leaves and twigs, or fed twigs alone, from the same injected tree in September (r ϭ 0.72; df ϭ 17; P Ͻ 0.05); trees with higher imidacloprid residues resulted in lower levels of reproduction for both diets. Total larvae is the no. that hatched from eggs laid during the 21-d test period by each female or until her death, if sooner; per day is mean production while the female was alive; hatch rate is for the females that laid at least 1 egg. Means and 95% CIs are back-transformed from square root (larva counts) or arcsine square root (percent hatch) values transformed for analyses.
a Means followed by the same lowercase letter (within row) are not signiÞcantly different from one another; TukeyÕs HSD (␣ ϭ 0.05). Although imidacloprid had a negative effect on reproduction (Table 1) , on a per-tree basis, overall most of the trees (Ϸ15 of 19; Fig. 3 ) did not provide effective control of oviposition (into untreated wood) relative to uninjected trees, either when beetles were fed twigs or were given leaves as well. Injected trees 1 and 2 had bark with 0 ppm in the multiple twig collections from JuneÐSeptember, but measurable imidacloprid in the leaves (Ͻ1 ppm). Trees 18 and 19 had means of 3.2 and 5.8 ppm in the bark, but were not consistently Ͼ1 over the season, each having levels between 0.7Ð 0.9 and 11Ð12 ppm in the various twig bark samples. Trees 3Ð5 had 0 to Ͻ1 ppm in the bark samples; 16 and 17 varied from 0 to 8 Ð9 ppm; the rest of the trees were intermediate. The Ͼ1 ppm imidacloprid category accounted for only 32% of the twig collections from injected trees. Because of variation both between females and in imidacloprid levels, 51% of the beetles fed from injected trees produced Ͼ10 larvae within 21 d, while 18% of beetles produced 0 larvae. Four trees, or 21% of the 19, had total reproductive output per female that was consistently Ͻ5 larvae when beetles were fed twigs (Fig. 3) . Three of these trees also had Ͻ5 larvae per female for beetles fed leaves and twigs together. For one tree (19), all females, whether feeding on twigs or leaves, had 0 larvae, laid 0 eggs, and chewed 0 oviposition pits in logs (except one, which survived 21 d and chewed two pits but did not oviposit).
Some portion of the variation in reproductive output seen in Fig. 3 was because of differences among the replicate sets of beetles across the Þve twig collection dates. In an overall test of the effect of date as a linear variable on total larval production for controls and beetles fed twigs from injected trees, the main effect of date was signiÞcant (F 1, 107.4 ϭ 4.6; P ϭ 0.04). However, with imidacloprid concentration as a linear variable included in the model, much of the variation among dates was accounted for by differences among and within injected trees, and there was no remaining signiÞcant effect of date (F 1, 86.4 ϭ 1.1; P ϭ 0.37) or bark parts per million ϫ date interaction (F 4, 72.5 ϭ 1.5; P ϭ 0.21).
For beetles fed twigs only, or twigs with leaves, that had Ͼ0 ppm imidacloprid, the total larval production was negatively correlated with the percentage of days the female appeared sick (F 1, 69.1 ϭ 124.3; P Ͻ 0.0001), with an r 2 of 0.79, and did not differ for beetles fed only twigs versus leaves and twigs. All females that were sick Ͼ55% of the time had fewer than 10 larvae (Fig.  4a) , including a number of females that survived the 21 d. In addition, all the beetles that died within 18 d produced fewer than 10 larvae (Fig. 4b) . Within the 0 ppm injected tree group, most female and male beetles never appeared sick, but there were two trees with a single twig collection in which both the female and the male in the pairs were sick 33Ð 62% of their days, suggesting some variation in imidacloprid residues among twigs within the sample.
Survival. All beetles fed twigs from uninjected control trees survived the full 21 d test periods, including 84 in mated pairs and 88 young unmated beetles. Overall, beetles fed twigs from injected trees had a much greater probability of dying ( 2 1df ϭ 1,852.2; P Ͻ 0.0001); 132 of 378 beetles (34.9%) eating twigs from injected trees died within 21 d. There was no consistent effect of gender on survival of beetles fed from injected trees: unmated males survived to 21 d, which was slightly greater than unmated females (74 vs. 62%; 2 1df ϭ 5.1; P ϭ 0.02), while mated females survived somewhat longer than their male partners (65 vs. 59%; 2 1df ϭ 6.1; P ϭ 0.01). Although trunk-injected trees as a whole caused signiÞcant mortality, beetles fed twigs from injectedtree samples that had no measurable imidacloprid (0 ppm) had 21 d survival rates of 95% for mated beetles, and 100% for 68 young unmated beetles (Fig. 5) . In contrast, at higher concentrations there was a major reduction in survival (Fig. 5) , with 81.6% mortality in 21 d for beetles fed twigs that had Ͼ1 ppm imidacloprid (83.3% mortality for mated beetles, 80.0% for young unmated). Mortality at Ͼ1 ppm was signiÞ- cantly greater than at Ͻ1 or 0 ppm (P Ͻ 0.0001, for either mated or young beetles). Only trees with Ͼ1 ppm imidacloprid in the bark had sufÞcient mortality in 3 wk to calculate the median survival time, which was 14.0 d for mated beetles and 16.5 d for young beetles. At Ͼ5 ppm in the bark, all beetles (n ϭ 18) were killed within 5Ð16 d.
The range in levels of imidacloprid in the twig bark samples from injected trees were used to estimate LC 50 values. The median concentration of imidacloprid in the bark that was lethal to adult beetles (including young and mated) within 21 d was 1.3 ppm (95% CI: 1.0 Ð1.5; 2 1df ϭ 8.1; P ϭ 0.004). The estimated LC 50 for 14-d survival was 4.0 ppm (CI: 3.1Ð 4.8) imidacloprid in twig bark ( 2 1df ϭ 6.5; P ϭ 0.01), and the 10-d LC 50 was 9.5 ppm (CI: 6.9 Ð12.1; 2 1df ϭ 4.5; P ϭ 0.03).
Our initial reason for testing recently eclosed beetles that had never fed on untreated twigs was to determine whether they were more susceptible to imidacloprid than the reproductively mature beetles.
The young beetles displayed higher survival (Fig. 5 ), but the two groups did not differ signiÞcantly (P Ն 0.10; tested within Ͼ0/Ͻ1 ppm, and Ͼ1 ppm, because of an interaction of mated/young with parts per million overall).
For the three replicates of unmated beetles where exposure and mortality were followed for an extra 3 wk, 56% of the beetles from the 19 injected trees survived the full 42 d: one died at 0 ppm, 60% survived at Ͻ1 ppm, but only one survived at 1.2 ppm and none at higher concentrations. None of the 58 controls in those replicates died within 42 d.
With beetles fed twigs collected from June to September, we looked for any trend in survival across the season as a function of time after trunk-injection that spring. With twig collection dates treated as a linear effect rather than as replicates, there was an increase in the survival rate of beetles eating twigs collected later in the season ( 2 1df ϭ 6.4; P ϭ 0.01). With imidacloprid concentration as a linear variable included in the model, the date effect was still signiÞcant ( 2 1df ϭ 8.04; P ϭ 0.005). Beetle survival for 21 d increased from Ϸ50 to 80% when fed twigs collected between mid-June and late September, pooled across all imidacloprid-injected trees.
For the sets of mated and unmated beetles fed both leaves and twigs from injected trees collected in September (Fig. 6) , survival was not signiÞcantly reduced relative to beetles fed only twigs (from the same date and same trees; 2 1df ϭ 3.5, P ϭ 0.06). Unmated beetles fed only leaves had similar mortality to those beetles fed leaves and twigs from the same trees ( 2 1df ϭ 0.11; P ϭ 0.74). Although leaf imidacloprid levels were generally higher than bark, mortality within 21 d reached 100% only for beetles fed leaves with Ͼ40 ppm, or fed both leaves and twigs with an average of Ͼ18 ppm in the two tissues. The mean time to death at Ͼ18 ppm was 15 d (range, 7.5Ð20.5), and the four young beetles fed leaves with Ͼ40 ppm imidacloprid took 16 Ð20 d to die. For all September samples with an average of Ͼ1 ppm in leaf and bark, mortality was 52% within 21 d for beetles (including mated and young) provided with both leaves and twigs, compared with 67% mortality when fed twigs only, for September samples with Ͼ1 ppm in the bark. Young beetles fed leaves with Ͼ1 ppm in the leaf had 47% mortality; in comparison, 80% of young beetles fed twigs with Ͼ1 ppm (JuneÐSeptember) died in 21 d.
The estimated LC 50 value for mortality within 21 d for young beetles fed only leaves was 16.4 ppm (CI: 9.9 Ð22.9; 2 1df ϭ 10.8; P ϭ 0.001). For beetles fed leaves along with twigs (including mated and young unmated), the 21-d LC 50 was 10.6 ppm (CI: 8.0 Ð13.2) based on the mean values of leaves and bark ( 2 1df ϭ 9.1; P ϭ 0.003).
It was not possible to quantify leaf consumption, as the leaves had been chewed into tiny shards by the patchy feeding, but qualitative observations were made of the Þrst weekÕs feeding. When provided leaves and twigs, both mated pairs and unmated individuals ate some leaf tissue, some petiole, and some bark. The pattern was consistent across the injected treesÕ variation in imidacloprid: the beetles that ate little bark also ate less leaf area.
Of the 19 injected trees tested, and 378 beetles fed twigs, only 6% of the beetles were killed within 10 d, representing 11 of the trees. All 19 of the trees had at least one beetle survive the full 21 d. However, there was a range of response across the 19 trees that showed some consistency, both among mated and young beetles, and beetles fed leaves as well as twigs (Fig. 7) . For several trees (1Ð3 in the Þgure), 100% of the beetles survived 21 d (including young beetles fed only leaves; not shown), whereas tree 19 had low survival for all treatment groups.
Daily observations of beetle condition showed death was sometimes preceded by a moribund day or two, when the beetle was on its back and barely able to move. However, this was usually not the case, so if we had chosen to count moribund beetles as dead there would have been little effect on the results. Many beetles that were sick (not moribund) on some days were able to recover for a time, often followed by additional days sick. All (31) of the beetles that were sick 100% of their days died within 5Ð20 d; most of these had been fed twigs or leaves with Ͼ1 ppm. Some twigs from injected trees in the 0 ppm group of samples apparently had at least a low level of imidacloprid in the twig bark, as 37% of the 142 beetles fed twigs with 0 ppm imidacloprid appeared sick at least 1 d, 7% were sick more than a tenth of their days, and 4% died within 21 d.
Bark Consumption. When individual unmated beetles were fed twigs for 42 d and the amount of bark eaten was measured weekly, the beetles given twigs from injected trees with 0 ppm imidacloprid consumed similar amounts of bark as control beetles (Fig.  8) , both per day and total over the 6 wk (P Ͼ 0.14). Bark consumption by females and males given twigs from the same injected tree was not signiÞcantly dif- ferent (F 1,17.6 ϭ 1.7; P ϭ 0.21). However, for beetles fed from injected trees there was a signiÞcant decrease in bark consumption with increasing imidacloprid concentration (as parts per million, i.e., nanograms per milligram of dry bark). This was true both in terms of average daily bark consumption while the beetle was alive (as dry mg of bark, Fig. 8 ; F 2,17.1 ϭ 15.0, P ϭ 0.0002) and the total bark eaten in 6 wk or until death (cm 2 bark area; F 2,17.1 ϭ 17.3, P Ͻ 0.0001). No controls died, and the single death in the 0 ppm group was not until after 21 d. Across the concentration range, bark consumption decreased from a mean of 110 mg/d (CI: 96 Ð127) at 0 ppm for injected trees and 100 mg/d (CI: 90 Ð110) for controls, to 8 mg/d (CI: 3Ð23) at Ͼ1 ppm. The amount of bark eaten also was negatively correlated with how many days each beetle appeared sick, both as total bark area eaten (Fig. 9) and average daily consumption.
For beetles fed twigs with Ͼ0 ppm (Ͼ0/Ͻ1 and Ͼ1) imidacloprid in the bark, the mean estimated imidacloprid ingested was 30 ng per beetle per day (CI: 20 Ð 46), based on imidacloprid concentration (ng/ mg) and the area/mass ratio of each treeÕs twig bark. Within the Ͻ1 ppm group the mean was 30 ng per beetle per day (CI: 22Ð 41), for a total of 991 ng (CI: 595-1650) ingested over the 42 d or until the beetleÕs death.
The beetles that survived 6 wk eating twigs with Ͼ0 ppm imidacloprid were all in the Ͻ1 ppm group. We estimated that they had ingested a cumulative total of 1,665 ng per beetle (CI: 1364 Ð2032) of imidacloprid, at an average rate of 40 Ϯ 4 ng per beetle per day, while being sick 53% of days. In contrast, the beetles that died within 3 wk were sick an average of 96% of days, were primarily in the Ͼ1 ppm group, and had each ingested an estimated total of 183 ng per beetle (CI: 109 Ð309) of imidacloprid before dying.
Overall the beetles in the Ͼ1 ppm group each ingested an average total of 449 ng (CI: 118-1701) imidacloprid, at 29 ng per day (CI: 10 Ð90). The mean was affected by two outlier beetles at 2.8 ppm (Fig. 8 ) that ingested more than expected based on the concentration of imidacloprid in the twig bark, and which appeared sick only 50 Ð 62% of their days and lived Ͼ28 d. The rest of the beetles at Ͼ1 ppm imidacloprid exhibited signs of sickness Ͼ90% of the days after the Þrst day, died in 10 Ð16 d, and ate a total of Ͻ3 cm 2 per beetle before dying (vs. controls, which per day ate 4.0 Ϯ 0.2 cm 2 per beetle). It is likely that these beetles had ingested a high dose and then had become sick; based on their Þrst weekÕs bark consumption, they may have ingested as much as 145 ng (CI: 60 Ð351) of imidacloprid per beetle the Þrst day.
Choice Test. There was not a signiÞcant imidacloprid category ϫ time interaction on the location of beetles over the Þve observations (F 8, 174 ϭ 0.69, P ϭ 0.70; Fig. 10 ). There also was no main effect of time (F 4, 174 ϭ 0.73; P ϭ 0.57) or imidacloprid category (F 2, 16 ϭ 0.67; P ϭ 0.53) on beetle location across the observations. Beetles were observed on the injected twig rather than the control twig an average of Ͼ40% of the time. There was no tendency for beetles to move from injected to control twigs over the 4-d test period, even when the choice was between a twig with Ͼ1 ppm and a control twig (Fig. 10) .
All but 1 of the 57 beetles tested fed at least some on the imidacloprid twigs, whereas 14% of the beetles (some in each parts per million group) did not feed on any bark of the control twigs over the 5 d. Generally, less bark was eaten on twigs with Ͼ1 ppm imidacloprid, with a maximum of 3 cm 2 compared with maxima of Ͼ20 cm 2 on the 0 ppm, Ͼ0/Ͻ1 ppm, and control twigs. There was no evidence that beetles in the choice test given twigs with Ͼ1 ppm compensated by choosing to eat more bark on the control twig. In fact, the total amount of bark eaten on both twigs in the Ͼ1 ppm group was signiÞcantly reduced compared with the other two groups (F 2,54 ϭ 4.36; P ϭ 0.018) and was only 7 Ϯ 1 cm 2 per beetle over the 4 d, which was less than half as much as eaten by beetles when given a control twig and an injected-tree twig with 0 ppm (15 Ϯ 2 cm 2 ).
Discussion
Laboratory-reared adult Asian longhorned beetles fed twigs collected from Norway maples injected with imidacloprid experienced a signiÞcant reduction in reproductive capacity relative to adults provided twigs from noninjected trees as food. One of the 19 injected trees had sufÞcient imidacloprid to prevent all beetles from laying any eggs and to reduce 21-d adult beetle survival below 13%, whether fed twigs or leaves and twigs. Reproduction by females fed from one of three other injected trees was fewer than 10 larvae for all Þve sampling dates. However, for the remaining 15 injected trees, 64% of the twig collections when fed to mated beetles allowed larval production within the range of noninjected control trees. For three of the injected trees, 100% of the adult beetles survived to 21 d, including male and female beetles fed leaves, leaves and twigs, or twigs only. The best control of reproduction, with fewer than Þve larvae produced in 21 d, was obtained from samples with imidacloprid levels Ͼ5 ppm (Fig. 1) . During the period adult beetles would be active (June to September), however, 39% of twig samples from injected trees had no quantiÞable imidacloprid in the bark, due potentially to limited sample collection from one or just a few branches, insufÞcient injection of pesticide in some trees, and within-tree variation in residue levels.
Although we were surprised at the prevalence of samples with low imidacloprid in the treatment group, the variation in residue levels among samples did allow us to directly analyze the effects of increased imidacloprid on survival and reproduction. We estimated a 21-d LC 50 for colony-reared adult Asian longhorned beetles of 1.3 ppm for twig bark (with phloem and cambium, excluding xylem). Values of LC 50 based on beetles fed leaves were higher, reßecting the higher concentrations of imidacloprid per dry mass (i.e., parts per million) than in bark. For beetles feeding on leaves as well as twigs, we estimated a 21-d LC 50 of 10.6 ppm, based on the mean of leaf and bark levels.
Not surprisingly, the magnitude of the reduction in larval production and adult mortality increased at higher imidacloprid concentrations, especially at Ͼ5 ppm for bark, or Ͼ10 ppm for leaves and bark. The reduction in larval production was a result of beetles dying before the end of the 21 d tests and the sublethal effects of imidacloprid intoxication. This effect was also reported by Ugine et al. (2011) , where adult female Asian longhorned beetles were force-fed each day with solutions of 0 Ð50 ppm imidacloprid. At 40 Ð50 ng of imidacloprid per day, mean larval production for the Þrst 3 wk in that study (T.A.U., unpublished data) was reduced to Ͻ2 larvae per mated female. This roughly corresponds to the larval production in the current study for beetles fed twigs with Ͼ1 ppm imidacloprid in the bark. In both studies there also was no effect of imidacloprid concentration on egg viability (hatch rate), which in both cases was based on oviposition in untreated bolts of striped maple wood (A. pensylvanicum) (Ugine et al. 2011) . In this study, mating was frequently observed within minutes after male and female beetles were placed together, so it is likely that sufÞcient sperm transfer occurred before the male ingested any imidacloprid from the twigs. Ugine et al. (2011) did not dose males with imidacloprid.
Beetles intoxicated with imidacloprid after eating tissues from injected trees exhibited a range of symptoms including tremors, holding their antennae together over their backs, and an unwillingness to walk when probed. It is noteworthy that beetles ingesting imidacloprid residues from tissues were never observed to vomit, and did not fall to the bottom of their containers, as happened repeatedly when adults were dosed with solutions of imidacloprid as reported by Ugine et al. (2011) . The sickness response was negatively correlated with the amount of bark eaten by unmated beetles and with larval production by mated females. Rather than imidacloprid acting as an antifeedant because of beetle avoidance, unpalatability, or reducing reproduction when fed to adults by lowering egg viability, the sick beetles appeared unable to eat or chew oviposition pits, at least for a time after feeding and until they recovered. Poland et al. (2006a) and Nauen et al. (1999) reported that imidacloprid acts as an antifeedant for adult Asian longhorned beetles and other insects. In our test where adult beetles were provided with a twig from an injected tree and one from a control tree, they did not avoid twigs that contained imidacloprid, and ate less in total on both twigs, which is consistent with being unable to feed because of imidacloprid effects.
Overall, we found 35% of beetles were killed within 21 d when fed twigs from trunk-injected trees, but this increased to 82% for those beetles fed twigs with Ͼ1 ppm imidacloprid. In comparison, in a laboratory experiment using twigs from trunk-injected P. nigra, Wang et al. (2005) observed Ͼ50% mortality within 6 d at the highest injection rate applied, a rate nearly Þve times greater than that used for our Worcester Norway maples. Interpolating between the results at their (i.e., Wang et al. 2005) higher and lower rates, Ϸ25% of beetles would have died at a tree injection rate comparable to that in Worcester; but 15% of the control beetles in Wang et al. (2005) also died in 6 d. Wang et al. reported a 3-d LC 50 of 1.9 ppm for imidacloprid against Þeld-collected adult Asian longhorned beetles in China, fed cut twigs from trunk-injected P. nigra trees. In our laboratory study, we saw no deaths the Þrst four days in any of the 11 replicates from JuneÐ September, and we estimated a 10-d LC 50 of 9.5 ppm in twig bark. The differences between the studies are likely because of a mix of biotic and abiotic factors, and may be a function of our using colony-raised beetles versus Þeld-collected beetles of unknown age and condition. Rapid beetle mortality because of feeding on imidacloprid-injected trees, at injection rates identical to those used in the current study, has been documented outdoors in China (Poland et al. 2006b ; B.W., unpublished data), but the imidacloprid concentrations in leaves and twigs immediately after injection were not reported and possibly could have been higher because of the use of smaller diameter study trees. Dead beetles were collected from under treated trees in China, indicating that imidacloprid can be lethal, but the percentage mortality and the total numbers of beetles exposed were unknown. Environmental conditions during the summer at some of the research locations in China can be quite arid, so it is likely that Þeld survival is lower than in our laboratory study.
We found that beetles fed twigs with Ͼ5 ppm died mainly the second week, and half of the beetles fed leaves along with twigs at Ͼ18 ppm did not die until the third week. As the imidacloprid in the trunkinjected tree tissues was not immediately lethal, mortality may have been partially because of starvation, as suggested by Poland et al. (2006b) based on studies of Asian longhorned beetles fed twigs dipped in imidacloprid. When we measured bark consumption, the beetles that died within 3 wk when given twigs with Ͼ1 ppm imidacloprid had eaten very little. The majority of their feeding occurred the Þrst week, and if that feeding all occurred on the Þrst day before they became sick, they may have ingested upwards of 145 ng of imidacloprid and eaten very little bark thereafter. Those beetles ate a lifetime total of Ͻ3 cm 2 of bark, whereas control beetles ate 4 cm 2 per day. The median survival times for twig-fed beetles at Ͼ1 ppm, being 14 and 16.5 d (mated and young beetles, respectively), were longer than the median survival time of 9.5 d for beetles starved to death reported by Ugine et al. (2011) , and in between the survival times of beetles given a daily oral dose of 10 ng or 50 ng imidacloprid in that study. In the current study, at the higher twig or leaf imidacloprid levels, ingestion was reduced while the beetles were sick, in contrast to the Ugine et al. (2011) study in which beetles were force-fed more imidacloprid each day.
Based on our bark consumption measures, beetles given twigs with Ͼ0/Ͻ1 ppm imidacloprid were able to consume an average of 991 ng of imidacloprid over 6 wk, and the beetles that lived the duration of the test ingested an average of 1,665 ng. This result is similar to that found by Ugine et al. (2011) who reported that adult beetles fed 1 l solutions of 20 and 30 ppm imidacloprid daily lived for up to 70 d; 30 ppm for 42 d is equivalent to 1,260 ng total. It is unclear by what mechanism adult beetles are able to consume such large amounts of imidacloprid over their lifetimes, but smaller dosages can be repeatedly ingested without large impacts on the production of larvae and mortality. Honey bees (Apis mellifera L.), house ßies (Musca domestica L.) and eastern subterranean termites (Reticulitermes flavipes (Kollan)), have all been shown to be able to metabolize imidacloprid to less toxic derivatives (Suchail et al. 2004 , Nishiwaki et al. 2004 , Tomalski et al. 2010 .
Although imidacloprid concentration analyses were critical in providing insight into the wide range of effects of imidacloprid on Asian longhorned beetle survival, fecundity, and feeding on injected trees, several limitations may have obscured some potential relationships. It was not practical to determine the concentration of imidacloprid in every twig eaten by beetles, as the ELISA method required a 0.5 g sample, so we relied on pooled samples from a given tree and collection date. We observed that mated beetles fed twigs from treated trees with concentrations of imidacloprid too low to quantify (0 ppm) produced slightly but signiÞcantly fewer larvae compared with control trees. This result, coupled with occasional sickness observations in the 0 ppm group, suggests that there was some low level of imidacloprid or variation within the sample of twigs. Similarly, occasional outliers with higher survival or more bark consumption than expected by beetles fed twigs from pooled samples having imidacloprid levels Ͼ1 ppm could be because of variation between the twigs collected from that tree and date. In a few cases we sampled additional twigs from the same collection (same tree and date) and in some instances found a difference of several parts per million (T.A.U., unpublished data). Uneven translocation of imidacloprid in other tree species has been demonstrated by Lewis et al. (2007) and in radiological work by both Mendel et al. (2000) and Tanis et al. (2007) . A number of our twig samples had unexpectedly low residue levels. In comparison, in a survey of 12 Fraxinus americana L. saplings and trees (P.A.L., unpublished data), using trunk or soil injection at a rate similar to that used in the Worcester Norway maples, imidacloprid residues in leaves and twigs 2 mo after the second of two annual treatments had no zeros and twig values ranged from 0.3 to 3.9 ppm, with a median of 1.05 ppm.
It was not until our Þnal sampling date after observations of beetle eating habits in an unrelated study, that we provided them with leaves as well as twigs, as would occur naturally for adult beetles feeding on trees. The range of imidacloprid levels in leaves was higher than for bark, and compared with beetles fed only twigs, the mix of plant parts as a resource resulted in minor decreases in reproduction but no signiÞcant difference for survival. Although we cannot be sure what the effects of leaf feeding would be throughout the season, judging from overall patterns for beetles given leaves along with twigs (e.g., Figs. 3, 4, and 7) we expect the twig results to be fairly robust. Our September leaf residue values were in the range expected for trunk-injected Norway maples during the summer (P.A.L, unpublished data). It was not feasible or possible to directly assess the quantity of leaf, petiole, and bark tissue eaten, especially for mated pairs, and thereby estimate the nanograms of imidacloprid ingested. Therefore, as a simple measure for analyses we used the mean of bark parts per million and leaf parts per million. Our qualitative observations across the range of imidacloprid residue values showed that leaf and bark consumption varied in a similar way.
One major question limits the applicability of our results to injected trees outdoors: what are the effects of imidacloprid in the tree limbs or trunk on ovipositing females, egg hatch, and larval survival? Because of the APHIS quarantine on wood of host trees in Worcester, MA, we could not test the treated tree logs, so we used untreated striped maple for oviposition; this provided a potential maximum estimate of reproductive capacity, based on adult feeding effects alone. Female beetles chew oviposition pits into tree bark before insertion of the ovipositor. It is unclear whether females ingest any bark while creating oviposition pits, or whether there would be sufÞcient contact with imidacloprid by the mouthparts and ovipositor to cause additional reductions in oviposition or survivorship. Imidacloprid has been shown to have contact activity against adult Asian longhorned beetles (Ugine et al. 2011 , Poland et al. 2006a , Wang et al. 2005 . To estimate the effect of imidacloprid on eggs and larval survival, Poland et al. (2006b) caged beetles on injected trees in China, but fed the adults untreated twigs and leaves to maintain egg production. They reported a signiÞcant reduction in the density of larvae within the injected poplar and willow trees (P. nigra and S. matsudana) relative to controls. Within treated live small willow trees in situ in China, eggs and Þrst-instar larvae feeding in the phloem tissues can be quite susceptible to imidacloprid, with 93Ð98% mortality (compared with 64% for controls; B.W., unpublished data). Based on tree dissection studies, control of the Þrst three larval instars was generally 30 Ð 70%, depending on tree species, size, timing, and type of chemical treatment (B. Wang, personal communication) . This suggests that despite the fact that some of the injected Norway maple trees in Worcester had insufÞcient levels of imidacloprid to prevent beetles from laying eggs, additional control would be gained by eggs and larvae being exposed to imidacloprid within the tree.
Generally, the population of injected trees that we sampled provided a signiÞcant but modest amount of protection against adult beetles surviving and laying eggs in our laboratory study. Because recently eclosed unmated beetles, whether fed leaves, twigs, or both, survived as well as older mated beetles, it is likely that even young beetles encountering an injected tree with low levels of imidacloprid could survive to reproduce. We did not investigate the additional direct impacts of treated wood on larval development, egg hatch, or ovipositing females.
This study focused on Norway maple as this species comprises a large percentage of the available host material being treated with imidacloprid. Indications are that the area-wide chemical treatments used by APHIS are effective, with no known adult emergence from host trees that have undergone the full three years of treatment. Of the nearly 250,000 trees that were a part of a treatment assessment study in three states, only 11 trees were found to be infested (0.004%), and only six had concrete evidence of adult emergence the year after a single treatment (Sawyer 2006) . It is likely that beetles in those six treated trees had been exposed to little or no imidacloprid, because of factors including tree size, treatment type, rapidity and distribution of chemical uptake, and the timing of oviposition (Sawyer 2006) . However, the beetle population would have been reduced during that period via the removal of infested trees in the area, so oviposition pressure on treated trees may have been low.
Chemical treatments are only one of the methods being used within the multi-faceted APHIS eradication program, and as a direct result of these efforts Asian longhorned beetles have been successfully eradicated from three North American cities, with several more slated for eradication in the next few years (US-DAÐAPHIS 2011). However, the 2011 discovery of a population near Bethel, OH (USDAÐAPHIS 2012) indicates that the threat by the Asian longhorned beetle is ongoing. The Ohio and Worcester, MA, infestations are large, not yet fully deÞned and are adjacent to large contiguous forested stands. Given the broad host range of the beetle (Hu et al. 2009 ) and the presence of infested trees representing multiple native species within forested stands (Dodds and Orwig 2011) , the potential for widespread infestation in North America is great, emphasizing the importance of eradication within the current localized areas.
